Extensive experimental investigations of the magnetic structures and excitations in the XY pyrochlores have been carried out over the last decade. Three families of XY pyrochlores have emerged: Yb2B2O7, Er2B2O7, and, most recently, AA Co2F7. In each case, the magnetic cation (either Yb, Er, or Co) exhibits XY anisotropy within the local pyrochlore coordinates, a consequence of crystal field effects. Materials in these families display rich phase behavior and are candidates for exotic ground states, such as quantum spin ice, and exotic ground state selection via order-by-disorder mechanisms. In this review, we present an experimental summary of the ground state properties of the XY pyrochlores, including evidence that they are strongly influenced by phase competition. We empirically demonstrate the signatures for phase competition in a frustrated magnet: multiple heat capacity anomalies, suppressed TN or TC , sample and pressure dependent ground states, and unconventional spin dynamics.
INTRODUCTION
Cubic pyrochlore oxides of the form A2B2O7 display a broad range of physical properties, in direct relation to their chemical diversity. The A and B sites of this lattice can each host many chemical elements, leading to families that involve over 150 compounds. Pyrochlores can exhibit insulating, metallic, and even superconducting states (1) . The experimental intrigue with pyrochlore magnetism began in earnest with the discovery of a spin glass state in Y2Mo2O7, unexpected in a structurally well-ordered material (2) . From that point on, pyrochlore oxides have been of great interest to physicists and at the forefront of new magnetic and electronic phenomena, including: cooperative paramagnetism in Tb2Ti2O7 (3), the anomalous Hall effect in Nd2Mo2O7 (4, 5) , giant magnetoresistance in Tl2Mn2O7 (6) , and, most recently, possible topological states in A2Ir2O7 (7). Insulating rare earth pyrochlores in particular have attracted enormous attention as they represent an archetype for 3-dimensional geometrically frustrated magnetism. The A and B sites of the pyrochlore lattice each independently form a network of corner-sharing tetrahedra, as drawn in Figure  1 (a), an architecture that is prone to frustration when occupied by a magnetic cation. The whole series of rare earth cations, most of which are magnetic, can reside on the A site of the lattice. These rare earth pyrochlores have been lauded for their diverse magnetic properties, which can be attributed to the combination of varied magnetic anisotropies and interactions that conspire to produce a wealth of exotic ground states (8) .
Frustration: The inability of a system to satisfy all of its pairwise constraints simultaneously. Figure 1 (a) The A (blue) and B (red) sites of the pyrochlore lattice, A 2 B 2 O 7 , each form a network of corner-sharing tetrahedra, a motif prone to magnetic frustration. (b) XY anisotropy on the pyrochlore lattice is achieved when the A site is occupied by either erbium or ytterbium, as indicated by the blue highlighting, with the possible non-magnetic B sites highlighted in red. The faded blue and red squares reflect all known A 3+ and B 4+ cations that can be found on the pyrochlore lattice in some combination.
(∼ 10 µB) on the pyrochlore lattice, in and of themselves, have the ingredients for spin ice physics. Ten years after its discovery, the spin ice state was understood to possess emergent magnetic monopole excitations (15) (16) (17) , generating a new level of interest. However, the spin ice states found in Ho2Ti2O7 and Dy2Ti2O7 are predominantly governed by classical physics, in part because their crystal field ground state doublets are almost purely made up of maximal mJ (18) (19) (20) . Thus, a route to enhancing quantum effects is to consider rare earths where contributions from smaller mJ states are non-negligible, thereby inducing XY rather than Ising anisotropy. This is achieved in nature when the rare earth site is occupied by either ytterbium or erbium (Figure 1(b) ), the subjects of this review.
The incorporation of XY degrees of freedom has important implications for the spin ice state. In the classical spin ices, which have large Ising moments, the magnetic interactions are dipolar augmented by relatively weak exchange (13, 14) . If the magnitude of the rare earth moment is reduced, dipolar interactions become less important and exchange interactions, correspondingly, more important. Then, anisotropic exchange terms can couple effective S = 1 2 moments, which will promote quantum fluctuations, particularly in the case of a ground state composed of minimal mJ . A possible resulting state is referred to as quantum spin ice. One of the most exciting revelations has been that the quantum spin ice problem maps onto an emergent quantum electrodynamics, whose elementary excitations include not only magnetic monopoles, but also electric monopoles and gauge photons (21) (22) (23) (24) (25) (26) (27) (28) . In this realm, theory is out-pacing experiment, for a robust experimenEffective S = 1/2: In the case of an isolated ground state doublet, the system can be projected into a pseudo-spin 1 2 basis.
tal realization of quantum spin ice remains elusive. Amongst the rare earth pyrochlores, several candidate materials have been identified as possessing many of the requisite ingredients, including: Tb2Ti2O7 (29), Yb2Ti2O7 (30) , and Pr2Zr2O7 (31) . While quantum spin ice ground states in these materials remain tantalizingly close, recent experimental studies show rich low temperature phenomenology including strong sensitivity to quenched impurities (32) (33) (34) , which complicates a simple categorization of their ground states.
Another example of quantum XY phenomenology is found in the degeneracy-breaking that results in long range magnetic order in Er2Ti2O7. In the mean field limit of its spin Hamiltonian, there is a degeneracy between two ordered, non-collinear XY states, termed ψ2 and ψ3. Linear combinations of these two states continuously span the XY plane, giving a U(1) degeneracy. Thus, it was at first perplexing when Er2Ti2O7 was observed to undergo a continuous phase transition into a pure ψ2 state (35, 36) . The selection of this ground state is believed to be driven by thermal and quantum fluctuations, i.e. order-by-disorder. Despite the mean field U(1) degeneracy, the spin excitations of ψ2 and ψ3 contribute differently to the free energy. This can occur either at finite temperature via a thermal order-by-disorder mechanism (37) (38) (39) (40) , or via quantum fluctuations at zero temperature, hence quantum orderby-disorder (41) (42) (43) . While theoretical ideas on order-by-disorder date back more than 60 years (44, 45) , ψ2 ground state selection in Er2Ti2O7 remains one of the most compelling candidates for its experimental realization. However, an alternative mechanism that relies only on energetic selection by virtual crystal field transitions has also been shown to break the U(1) degeneracy in Er2Ti2O7 (46) (47) (48) .
This introduction has highlighted several fascinating aspects of the effective S = quantum XY pyrochlores, such as ground state selection by order-by-disorder and quantum spin ice. Here, we will focus our attention on the prevalence for low temperature magnetism that appears to be influenced by the presence and proximity of competing phases. We compare and contrast the properties of two XY families, Er2B2O7 and Yb2B2O7, with varying non-magnetic B site cations, and conclude that many of their exotic properties stem from strong phase competition, in agreement with recent theoretical suggestions (40, 49, 50) .
ORIGIN OF XY ANISOTROPY
A unique attribute of rare earth magnetism is the hierarchy of energy scales, where spinorbit coupling, the crystal electric field, and exchange interactions each have characteristic energies that are typically separated by an order of magnitude or more. The spin anisotropy of the rare earth pyrochlores is derived from crystal electric field effects. Thus, we begin by elucidating the origin of XY anisotropy and justify the application of the XY label to the ytterbium and erbium pyrochlores. As a consequence of their seven f electron orbitals, magnetic rare earths typically have large values for their total angular momentum J, as compared to magnetic elements elsewhere on the periodic table. Furthermore, as rare earth ions are relatively heavy, the spin-orbit coupling, λ, is usually sufficiently large to isolate a spin-orbit ground state that is comprised of 2J + 1 degenerate levels. Within a crystalline environment, the 2J + 1 levels of the spin-orbit ground state are then split by the crystal's electric field -an effect that is on the order of 100 meV and typically much smaller than λJ. Thus, the crystal electric field of the rare earths can often be successfully treated as a perturbation from spin-orbit coupling. This is in contrast to transition metal systems, where a perturbative approach fails because the strength of the spin-orbit coupling is comparable or smaller than the crystal electric field splitting. The crystal electric field, which lifts the 2J +1 degeneracy of the spin-orbit ground state, depends on the point-group symmetry at the rare earth site and originates most strongly from the oxygen anions. In the pyrochlore lattice, the rare earth cation sits at the center of an eight-fold coordinate oxygen environment that forms a distorted cube, compressed along its diagonal (1), as shown in Figure 2 (a). The axis along which the cube is compressed is the one that connects the oxygens at the centers of adjacent tetrahedra. This axis is the local z axis and is commonly referred to as the local [111] direction. The symmetry at the rare earth site is given by the D 3d point group, which has two-fold and three-fold rotation axes and an inversion center, defined with respect to the [111] axis. In these coordinates, a spin with Ising anisotropy will be oriented along its local [111] direction. Likewise, a spin with XY anisotropy will be constrained to lay in the plane perpendicular to [111] , as shown in Figure 2(b) , where the local x and y axes are defined by the two-fold rotation axes. A peculiar aspect of the pyrochlore lattice, and one worth emphasizing, is that both of these anisotropies are explicitly defined with respect to a local direction, not a global one. Thus, Ising spins are not parallel to one another and XY spins do not share a common plane. has eight doublets. Transitions between the crystal electric field levels can be directly probed by inelastic neutron scattering. Taking Yb2Ti2O7 and Er2Ti2O7 as examples, Figures 2(c) and 2(d) show inelastic neutron scattering maps where the crystal field transitions are indicated by the black arrows on the right hand side. As the crystal electric field is a single ion property, crystal field excitations lack dispersion and their intensities fall off with Q according to the single ion magnetic form factor. While we only show crystal field schemes for Yb2Ti2O7 and Er2Ti2O7, the general features can be expanded to their respective families (51, 52, 54 ). The crystal field eigenstates and eigenvalues can be determined by fitting the experimental neutron scattering spectra with the crystal electric field Hamiltonian (56) 
which is based upon the point group symmetry at the rare earth site, D 3d , and is written in the Stevens operator formalism (55) . The values of the six crystal electric field parameters (B 0 2 , B 0 4 , etc.) can be systematically varied to achieve the best agreement with the experiential spectra. The result of such fittings are shown in Figures 2(e) and 2(f ) for Yb2Ti2O7 and Er2Ti2O7, respectively. A more detailed treatment of these types of analyses applied to pyrochlore materials can be found elsewhere (18, 20, 51, 57, 58) . The result, however, is that for all the Yb and Er pyrochlores that have been measured to date, the anisotropic g-tensors for their ground state doublets have a larger perpendicular component, g ⊥ , than parallel, g ( Table 1 ). Hence, their spin anisotropy is XY-like (51, 52, 54, 57, (59) (60) (61) (62) . The values of the g-tensors in the crystal electric field ground state are substantially reduced from the free ion value -corresponding to a reduced magnetic moment. Furthermore, the ground state eigenfunctions of the Yb and Er pyrochlores have large components of mJ = ± 1 2 , which favors quantum fluctuations.
g-tensor:
A generalization of the magnetic g-factor that, when coupled with its total angular momentum, defines the magnetic moment of an atom.
GROUND STATE PHASE DIAGRAM OF XY PYROCHLORES
Due to their crystal electric field phenomenology, the XY pyrochlore magnets Yb2B2O7 and Er2B2O7 have well-isolated ground state doublets. Consequently, their low temperature magnetism is well described by an effective S = 1 2 system with a reduced magnetic moment and an anisotropic XY g-tensor. A minimal model that can describe many of their observed magnetic properties is the anisotropic nearest-neighbor exchange Hamiltonian (40):
This Hamiltonian permits anisotropic exchange between the three spatial coordinates of each spin, S µ j , resulting in an exchange matrix (rather than the more typical exchange constant) defined, in principle, by nine different components, J µν ij . However, the point group symmetry of the rare earth site in the pyrochlore lattice reduces the number of independent exchange parameters to just four (84). Depending on the values of these four exchange parameters, the anisotropic exchange Hamiltonian can support the stabilization of a spin liquid ground state (85-87) as well as the emergence of classical (9,13) or quantum spin ice ground states (21, 22, (24) (25) (26) (27) (28) .
Time-of-flight neutron scattering:
A technique where one or both of the incident and scattering neutron energies are determined by its speed.
The experimental determination of a real material's exchange parameters is a problem that is well-suited to the technique of inelastic neutron scattering. First, the spin wave dispersions of a single crystal can be mapped out along different crystallographic directions, a task that is increasingly straightforward given the capabilities of modern time-of-flight neutron instrumentation. Then, using linear spin wave theory derived from the Hamiltonian of Equation 2, a fit of the experimental spectra can be performed until a set of exchange parameters and g-tensor components have been found that yield good agreement (30) . In principle, this approach can be applied within the long range ordered state of a material at low temperatures. However, if the material displays a disordered ground state in zero magnetic field or if the ordered state is complicated and not completely understood, linear Table 1 Ground state magnetic properties for the ytterbium and erbium pyrochlores. The measured (top row) and computed (bottom row) spin wave spectra along various crystallographic directions for (a) Yb 2 Ti 2 O 7 at H = 5 T, adapted with permission from Ref. (30) and (b) Er 2 Ti 2 O 7 at H = 3 T, adapted with permission from Ref. (41), copyrighted by the American Physical Society. The fits to the experimental spectra, which were obtained using inelastic neutron scattering, allow the determination of the anisotropic exchange couplings in the microscopic spin Hamiltonian.
spin wave theory can still successfully be applied in the field polarized state of the material, where its magnetic moments are tending to follow the magnetic field. The success of this approach relies on the availability of large single crystal samples, which restricts its use to a select few materials. Amongst the family of XY pyrochlores, the titanates have provided the most successful platform for the growth of large single crystals (88) (89) (90) . Several groups have estimated the anisotropic exchange couplings for Yb2Ti2O7 and Er2Ti2O7 with inelastic neutron scattering (30, 41, 47, 91, 92) . Still, this is not a completely straightforward exercise, as there are six strongly coupled parameters to be fit, if the components of the g-tensor are to be adjusted in addition to the four exchange terms. Figure 3 shows an example of an analysis of this type for Yb2Ti2O7 (30) and Er2Ti2O7 (41) . The precise values of the exchange parameters for Yb2Ti2O7 vary amongst different groups, but there is consensus that its exchange parameters, at least at the mean field level, should lead to a k = 0, Γ9 splayed ferromagnetic ordered state, as shown in Figure 4 (30, 40, 50, (91) (92) (93) . Experimentally, a splayed ferromagnetic ground state has indeed been observed for some samples of Yb2Ti2O7 (69, 70, (94) (95) (96) . However, this state displays a number of peculiarities, one of which is that low levels of quenched disorder drastically impacts the formation of long-range magnetic order (33, (97) (98) (99) . The exchange parameters for Er2Ti2O7 place it within the antiferromagnetic Γ5 manifold (ψ2 or ψ3, shown in Figure 4) at the mean field level, but it has been shown that order-by-disorder and virtual crystal field transitions will select ψ2 (37, 39, 41-43, 46-48, 100) . It is interesting to note that order-by-disorder can select ψ3 for exchange parameters different than those of Er2Ti2O7 (43, 101) , but ψ2 is uniformly favored by current models of virtual crystal field transitions (48) . Experimentally, differentiating between the ψ2 and ψ3 states is very challenging as their diffraction patterns are identical. They can, however, be distinguished via polarized neutron scattering measurements on a single crystal, and this has been used to confirm that the ordered phase of Er2Ti2O7 is a pure ψ2 state (36) . The classical ground state phase diagram for pyrochlores with anisotropic exchange, where J 4 = 0 -adapted from Ref. (40) Taking the experimentally determined exchange parameters of Yb2Ti2O7 and Er2Ti2O7 as a starting point, theoretical studies have explored the ordered phases that are expected classically within a subspace of exchange parameters relevant for the XY pyrochlores (40, 43, 50) . The resulting phase diagram is rich, revealing the possibility of stabilizing various magnetic structures, as shown in Figure 4 (40) . This phase diagram contains four k = 0 magnetic structures, where the spin configuration of each is shown around the perimeter. In addition to the ferromagnetic Γ9 phase found for parameters appropriate to Yb2Ti2O7 and the antiferromagnetic ψ2 phase for Er2Ti2O7, there are two additional antiferromagnetic states: ψ3, which is part of the Γ5 manifold, and Γ7, the socalled Palmer-Chalker state (102) . All these magnetic structures can be obtained within a narrow range of exchange parameters, suggesting that phase competition could exist within the family of XY pyrochlores (40, 50) . This scenario would imply that a change of magnetic ground state amongst the Yb and Er pyrochlores would require only modest changes to the anisotropic exchange parameters, as might be induced by chemical or external pressure. Chemical pressure can be realized by substituting a non-magnetic constituent for an element of varying size. In the case of the XY titanate pyrochlores, this leads to the replacement of titanium on the B site by germanium, tin, or platinum (Figure 1(b) ). As reported in Table 1 , the magnetic structures of most of these chemical pressure analogs have already been determined. For the ytterbium pyrochlores, no change of magnetic ground state is obtained by incorporation of tin (76, 77) , but an antiferromagnetic Γ5 phase is obtained for Yb2Ge2O7 (54, 66) . For the erbium pyrochlores, germanium substitution also results in a Γ5 (ψ2 or ψ3) ground state (66) . The effect of a magnetic field on the powder diffraction pattern of Er2Ge2O7 has been argued to indicate a pure ψ3 state (66) . However, the domain selection arguments upon which this determination is based have been found to be incorrect (103) (104) (105) . Thus, while it is possible that Er2Ge2O7 has a ψ3 ground state, it remains to be definitively shown. For Er2Pt2O7 and Er2Sn2O7, powder neutron diffraction studies have uncovered Γ7 Palmer-Chalker ground states but with significantly reduced TN 's from the other erbium pyrochlores (81, 83) . This suppression of magnetic order could originate from phase competition between the Γ5 and Γ7 states (40, 62, 81) . Moreover, the ensemble of states observed within these two XY pyrochlore families confirms the proximity of the Γ5, Γ7, and Γ9 states in their phase space and empirically validates the scenario of strong phase competition. This stands in contrast to the classical spin ice pyrochlores, Ho2Ti2O7 and Dy2Ti2O7, where germanium and tin substitution at the B site leaves the ground state properties largely unchanged (74, (106) (107) (108) .
EXPERIMENTAL SIGNATURES OF PHASE COMPETITION IN THE XY PYROCHLORES
The variety of ground states observed amongst the XY pyrochlores, combined with a theoretically-derived phase diagram based on anisotropic exchange, leads one to suspect that phase competition is likely important in these materials. In this section, we describe several experimental observations that could be manifestations of this phase competition. We first demonstrate that the ytterbium based XY pyrochlores possess unconventional spin dynamics that are clearly linked with a broad feature in their specific heat, rather than the sharp anomalies they display at TC or TN . We argue that the origin of these unconventional dynamics is the proximity of nearby ordered phases and the competition between them. We further demonstrate the sensitivity of the ground state in Yb2Ti2O7 to both weak quenched disorder and hydrostatic pressure, and argue that this too has a natural explanation in phase competition.
UNCONVENTIONAL SPIN DYNAMICS
A summary of heat capacity measurements performed on the ytterbium and erbium pyrochlores is shown in Figure 5 . Over the temperature range displayed, the lattice contribution is negligible, and the heat capacity is dominated by the magnetic component. There is a striking similarity in the form of the specific heat for all the ytterbium pyrochlores, as well as Er2Pt2O7, which consists of a sharp lambda-like anomaly at TC or TN and a broad, higher temperature anomaly at a temperature we label as T * (66, 68, 72, 75, 76) . Two compounds order above 1 K, Er2Ti2O7 and Er2Ge2O7, and interestingly, these are also the only two that do not display broad specific heat anomalies (66, 80) . Lastly, Er2Sn2O7 displays only a broad specific heat anomaly (82), as there is no reported data that extends below its TN = 0.11 K ordering transition (83), where we assume a sharp peak exists. Our conjecture is that the presence of a broad specific heat anomaly, coincident with a suppression of magnetic ordering to lower temperature, is an experimental signature of phase competition in the XY pyrochlores. It is worth noting that these broad specific heat anomalies do not have the characteristic form of a Schottky anomaly, as would be expected if their origin was the thermal depopulation of a crystal field level. As discussed in Section 2, the crystal electric field splittings in the Yb and Er pyrochlores are on the order of ∼ 800 K and ∼ 80 K, respectively, far above the energy scale for these broad specific heat anomalies. Furthermore, the combined entropy release of the sharp and broad anomalies is R · ln (2) (65, 72). Thus, the entropy release associated with these broad specific heat anomalies is related to spin www.annualreviews.org • Quantum XY Pyrochlores degrees of freedom within the isolated ground state doublet. The fact that Er2Ti2O7 displays no such broad anomaly and orders at relatively high temperature indicates that phase competition is less relevant to its ground state selection. This is consistent with the placement of Er2Ti2O7 in the classical anisotropic exchange phase diagram, relatively far from the phase boundaries of the Γ9 and Γ7 ordered phases ( Figure 4) . In contrast, each of the ytterbium pyrochlores exhibits a broad specific heat anomaly, which we propose is connected with phase competition. For the ytterbium pyrochlores, we expect the most intense phase competition to arise between the ferromagnetic Γ9 state and the antiferromagnetic Γ5 state -a scenario that is consistent with the placement of Yb2Ti2O7 in the XY phase diagram ( Figure 4) and also with the fact that the ground states of the ytterbium pyrochlores are known to span these two states ( Table 1) . Lastly, we suggest that the broad specific heat anomalies observed in Er2Sn2O7 and Er2Pt2O7 also originate from phase competition, but between the Γ5 and the Γ7 ordered phases. These phases and the boundary between them correspond to net antiferromagnetic interactions, consistent with the Curie-Weiss temperatures in the Er pyrochlores ( Table 1) . It is also empirically supported by the fact that both Er2Ti2O7 and Er2Ge2O7 order into the Γ5 phase, while Er2Pt2O7 orders into the Γ7 phase.
To better understand what is physically transpiring in the XY pyrochlores at the temperature of the broad specific heat anomaly, T * , we consider evidence from inelastic neutron scattering. We take Yb2Ge2O7 as our representative example because it has the greatest degree of temperature separation between its broad and sharp heat capacity anomalies.
In Figure 6 , we present the temperature dependence of the low energy inelastic neutron scattering spectra of Yb2Ge2O7 and compare it with the heat capacity. In contrast to the inelastic neutron scattering measurements shown in Section 2, these measurements probe far smaller energy transfers (∼ 1 meV) at lower temperatures. Thus, they are sensitive to the collective spin dynamics, as opposed to the single ion excitations. Between 10 K and 4 K, there is a significant buildup of correlations centered towards Q = 0, a ferromagnetic zone center. This broad band of excitations decays in intensity as it extends outwards in Q, but without apparent coherent propagation. These spin excitations form at ∼ 4 K, well above TN , and are thus the origin of the broad specific heat anomaly. The confluence of T * with a change in form of the spin dynamics is a shared feature amongst all the Yb-based pyrochlores that have been measured thus far, and also Er2Pt2O7 and Er2Sn2O7 (65, 70, 75, 81, 83, 109) . That is to say, in all the XY pyrochlores that display both broad and sharp specific heat anomalies, the excitations develop some coherence at T * , a temperature well-above TC or TN . As Yb2Ge2O7 is further cooled to 0.9 K and 0.06 K, below TN , there is little significant redistribution of the spectral weight. Despite ordering into the Γ5 antiferromagnetic representation manifold, there is no corresponding response in the spin dynamics (within an energy resolution of ∼0.09 meV). Once again, this insensitivity of the spin dynamics to long range magnetic order is shared amongst all the ytterbium pyrochlores (65, 70, 75) . In Figure 7 we present the low temperature inelastic neutron scattering spectra for the three ytterbium pyrochlores and Er2Ti2O7. Of all the neutron inelastic spectra shown in Figure 7 , Er2Ti2O7 is the only XY pyrochlore where the formation of the spin wave excitations coincides with the observation of long range magnetic order (110) . A striking difference is observed between the low temperature inelastic spectra of Yb2Ge2O7 and Er2Ti2O7, despite the fact that both order into a Γ5 manifold. Instead of spin waves originating from the antiferromagnetic zone center, as observed in Er2Ti2O7, Yb2Ge2O7 has its largest spectral weight near Q = 0, a ferromagnetic zone center (65) .
Finally, comparing the low temperature inelastic neutron spectra of the three ytterbium pyrochlores in Figure 7 , it is clear that they all share a common form for their spin excitation spectra. In each Yb pyrochlore, the zero field spin excitations are very unconventional, displaying a broad continuum of gapless excitations to temperatures as low as 
Yb2Sn2O7
E (meV) Comparison of the low temperature (below T C or T N ) spin dynamics among the (a) ytterbium pyrochlores and (b) Er 2 Ti 2 O 7 as measured by inelastic neutron scattering. Experimental details for each of these data sets can be found in the corresponding original publication: (a) 60 mK. The only substantial difference is the energy band-width of the spin excitations, which reduces as expected with increasing lattice parameter (65) . The anisotropic exchange parameters for Yb2Ti2O7 should result in a Γ9 ferromagnetic ordered state at the mean field level (30, 91, 92) , and this expectation has been partially fulfilled in some samples of Yb2Ti2O7 (69, 70, (94) (95) (96) . Thus, at zero magnetic field, well defined spin waves and a relatively large spin wave gap are predicted to emerge at TC (40, 70, 92) . However, the zero field spin excitations reflect a far more disordered state. The evolution of this continuum of scattering at zero field into dispersing magnons at high field has recently been investigated in Yb2Ti2O7 (92) . In magnetic fields up to 9 T, the intensity from two-magnon processes is strongly underestimated by a non-interacting spin-wave model, suggesting the presence of strong quantum fluctuations that persist even in high magnetic fields. At lower fields, there is an overlap between one and two-magnon states leading to strong renormalization effects and quasi-particle breakdown in zero field (92, 111, 112) . Thus, the measured spin excitation spectrum of Yb2Ti2O7 bears little resemblance to that predicted within the low temperature mean field ordered state.
SENSITIVITY TO DISORDER
Within the family of XY pyrochlores, only the titanates, Yb2Ti2O7 and Er2Ti2O7, have long existed as large single crystals. Thus, for these two materials, comparisons can be made between polycrystalline materials, prepared by solid state synthesis, and single crystals, grown by the floating zone technique. This comparison has revealed that the magnetic ground state of Yb2Ti2O7 has a fascinating dependence on quenched disorder. This unusual sample dependence was first reported in early heat capacity studies (97, 113) , and can be broadly summarized as polycrystalline samples possessing sharper heat capacity anomalies at relatively high TC 's, while single crystal samples possess much broader anomalies, sometimes multiple peaks, and with considerably lower TC 's (97, 99, (113) (114) (115) . Subsequent characterization with neutron diffraction has revealed the likely origin of this effect: floating zone single crystals grown from stoichiometric precursors have a small concentration of anti-site defects. Specifically, a small fraction of Yb 3+ cations, on the order of 1%, can be stuffed onto the B site, leading to a net off-stoichiometry, Yb2+xTi2−xO 7−δ (98), which is necessarily accompanied by oxygen defects (116, 117) . Very recently, a systematic investiga-a b Figure 8 The effect of quenched disorder on the magnetic properties of (a) Yb tion of off-stoichiometry in Yb2Ti2O7 has been carried out, as shown in Figure 8 (a) (33) . It is clear that small levels of quenched disorder give a large and pronounced suppression of TC , consistent with earlier studies, but now with the off-stoichiometry being introduced in a controlled manner. This same work also employed the traveling solvent floating zone method to successfully grow a stoichiometric single crystal of Yb2Ti2O7 that exhibits a sharp heat capacity anomaly and a high TC , also shown in Figure 8 (a) (33) . This sample variability, which is most conveniently demonstrated by heat capacity, has also been appreciated with muon spin relaxation (µSR) and neutron scattering, where some samples display the signatures of long range magnetic order (69, 70, (94) (95) (96) 114 ) and others do not (68, 91, 99, (118) (119) (120) .
Floating Zone
Crystal Growth: A crucible-free, melt based technique that can produce large, high quality single crystals.
The sensitivity to quenched disorder observed in Yb2Ti2O7 is not seen in the low temperature phase behavior of Er2Ti2O7 (80) . This is particularly interesting given that one would expect roughly the same type and concentration of disorder to be present in samples of each. To our knowledge, no sample dependence or variation between polycrystalline and single crystal samples of Er2Ti2O7 has been reported. In fact, systematic studies of magnetic dilution in Er2Ti2O7, where Er 3+ is substituted with non-magnetic Y 3+ , show that dilution gradually suppresses TN , consistent with the expectations of three dimensional percolation theory (Figure 8(b) ) (121). However, while it has been shown that the Γ5 state is robust to disorder (104) , there are theoretical proposals that magnetic dilution may induce a transition from ψ2 to ψ3, without additional suppression of TN (101, 122) . Regardless, the insensitivity of the Γ5 magnetically ordered state in Er2Ti2O7 to impurities is consistent with the idea that it is far-removed from competing XY phases (40) . Likewise, the astounding sensitivity of the ground state magnetism of Yb2Ti2O7 to low levels of disorder or off-stoichiometry is qualitatively understood by its proximity to competing XY phases (40, 50) . Indeed, small changes in stoichiometry could slightly vary the anisotropic exchange terms, which would naturally be expected to have a larger impact in the presence of proximate phases. 
SENSITIVITY TO APPLIED HYDROSTATIC PRESSURE
A corollary to the sensitivity of Yb2Ti2O7's ground state to quenched disorder, which can be thought of as inducing a chemical pressure, is that applied pressure may also be expected to have a disproportionate effect on ground state selection. The only other pyrochlore titanate with pronounced sensitivity to low levels of disorder and off-stoichiometry, Tb2Ti2O7 (32, 123) , shows long range order induced out of its enigmatic spin liquid state by the application of external pressure (124, 125) . Thus, a natural question that arises is, what effect would externally applied pressure have on a sample of Yb2Ti2O7 that does not exhibit the signatures of static magnetic order? The answer to this question is given in Figure 9 (a) and (b), which presents the zero field muon decay asymmetry as a function of temperature for a stoichiometric powder sample of Yb2Ti2O7 in ambient pressure and at P = 19.7 kbar (120) . With zero applied hydrostatic pressure, the form of the µSR time dependence displays little variation with temperature, maintaining a weak exponential falloff for all temperatures, above and below TC , indicating a magnetically disordered ground state. However, with a hydrostatic pressure of 19.7 kbar, the µSR signal changes dramatically passing through TC = 0.265 K. There is a rapid relaxation of the muon polarization at early times, indicative of static internal fields and a magnetically ordered state. Complementary neutron diffraction measurements revealed that at P = 12 kbar this same sample of Yb2Ti2O7 undergoes a phase transition to a weakly-splayed ferromagnetic state (120).
Muon spin relaxation:
A technique that uses spin polarized muons as a local probe of the distribution and dynamics of internal magnetic fields in materials.
These measurements on Yb2Ti2O7 are summarized in a temperature-pressure phase diagram, Figure 9 (c) (120) . For this sample, even the smallest applied pressure, P = 1.4 kbar, results in a long range ordered state. However, why the ground state selection of Yb2Ti2O7 should be so sensitive to applied pressure remains a mystery, likely interconnected to the mystery that surrounds why small levels of stuffing and other defects are so effective at disrupting what would otherwise be a simple ordered state: a splayed ferromagnet. The leading contenders to resolve these mysteries are that pressure, either applied or chemicallyinduced by impurities, shifts terms in the anisotropic exchange Hamiltonian of Yb2Ti2O7, pushing the system from one phase to a nearby competing ordered structure within its classical phase diagram, as illustrated in Figure 4 (40,50) . Another factor is that the low level of Yb 3+ ions that sit at defect sites in Yb2Ti2O7 will still carry magnetic moments, but due to the changed oxygen environment, will have Ising rather than XY anisotropy (51) . Such defect moments may well be surprisingly effective in frustrating even simple ferromagnetic order. Of course, both of these effects could be relevant, possibly in combination with other factors.
XY PYROCHLORES BEYOND THE RARE EARTHS
The availability of large single crystals allows significantly more sophisticated measurements and analyses to be performed, which generally advances the physical understanding of a given material. As has been established in the prior sections, the ability to grow large single crystals of Yb2Ti2O7 and Er2Ti2O7 has allowed the determination of their microscopic spin Hamiltonians. Such studies have thus far not been possible for the germanium, platinum, and tin based pyrochlores. The synthesis barrier to overcome in the case of the A2Ge2O7 and A2Pt2O7 pyrochlores is quite high, as these materials are prepared under high pressure conditions (of order GPa) (63, 71) . In the case of the A2Sn2O7 pyrochlores, the dilemma is the volatility of SnO2 at high temperatures, which renders the melt-based techniques utilized in the titanate pyrochlores unsuitable. However, progress has recently been made with flux growth techniques -resulting in millimeter sized crystals of A2Sn2O7 pyrochlores (126). Beyond the rare earth pyrochlores, and indeed beyond oxides, recent progress has been made in the growth of fluoride pyrochlores, AA B2F7. In these fluoride pyrochlores, the magnetic ions are 3d transition metals that sit on the B site and the nonmagnetic A/A site has mixed occupancy to preserve charge neutrality. A handful of these fluoride materials have recently been synthesized, such as NaCaNi2F7, NaSrMn2F7, and NaCaFe2F7, and there is great promise for expansion of this family (127) (128) (129) (130) . These materials present an exciting opportunity as they incorporate magnetic cations that are not generally accessible with oxide pyrochlores. Furthermore, the magnetic ions are transition metals, rather than rare earths, and hence the exchange interactions are stronger and the characteristic temperature scales are higher. Moreover, these new fluoride pyrochlores are grown using the floating zone method and are thus readily available as large single crystals.
While detailed investigations of this new family have only recently begun, already there have been interesting developments for XY phenomenology with NaCaCo2F7, where the magnetism originates from Co 2+ in an effective S = 1 2 state (132). This material undergoes a spin freezing transition at T f = 2.4 K due to weak exchange disorder arising from the random distribution of Na + and Ca 2+ on the A sublattice (127) . Elastic neutron scattering measurements and simulations for NaCaCo2F7, shown in Figure 10 (a) and (d), reveal that within this frozen state, clusters of spins achieve short range order within the XY (Γ5) manifold (131) , and are argued to form a mosaic of ψ2 and ψ3 (133) . However, the inelastic spectra at energy transfers of ∆E = 1.25 meV is described by a combination of XY and collinear antiferromagnetic spin configurations, as shown in Figure 10 (b) and (e). At still higher energy transfers, ∆E = 4.75 meV, the spectra can be described by E = 0.00 ± 0.17 meV 
Figure 10
The top row shows inelastic neutron scattering maps of NaCaCo 2 F 7 at various energy transfers, (a a collinear antiferromagnetic model alone (Figure 10 (c) and (f )). Ultimately, the spin freezing transition in NaCaCo2F7 preempts the breaking of the Γ5 degeneracy and the formation of a long range ordered state (131) . However, the coexistence of dynamics from the XY (Γ5) manifold and those originating from a collinear antiferromagnet indicate that phase competition may also be a factor in this material. In this review we have focused our attention on the cubic pyrochlore lattice. However, other exciting avenues exist to investigate XY anisotropy with related crystalline architectures. One such class of materials is the rare earth chalcogenide spinels, CdR2Se4 and CdR2S4, where the rare earth cation R again forms a 3D network of corner-sharing tetrahedra (134) . In a reversal from the case of the rare earth pyrochlores, erbium in this geometry has local Ising anisotropy, resulting in a spin ice state (135) . However, it has been predicted that a dysprosium variant, CdDy2Se4, would realize XY spin anisotropy (43), making it a good candidate to explore the types of phenomenology discussed here, possibly including phase competition. A little further afield, another direction for future work is the so-called "tripod kagome" systems, R3Mg2Sb3O14 and R3Zn2Sb3O14, where R is a rare earth cation (136) (137) (138) . This chemical formula can be thought of in terms of a doubling of the pyrochlore lattice, where a quarter of the rare earth sites are replaced by antimony. The resulting structure is a two-dimensional kagome lattice of rare earth cations. Detailed investigations of these materials have only recently begun. However, the ytterbium and erbium variants of this family may retain the XY anisotropy of the pyrochlore parent compounds, and in this regard would make interesting case studies.
Kagome Lattice: A two-dimensional lattice made up of corner sharing triangles and a canonically frustrated architecture.
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